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The quantum Talbot effect is observed from a domain-engineered nonlinear photonic crystal dispensing with a real grating. We deduce and experimentally verify the quantum self-imaging formula which is related to the crystal's structure parameter and working wavelengths. A twophoton Talbot carpet is captured to characterize the Fresnel diffraction dynamics of entangled photons wherein the quantum fractional Talbot effect is specified. The compact and stable quantum Talbot effect can be considered as the contactless diagnosis of domain's homogeneity and developed for new types of entangled photon source and quantum technologies such as quantum lithography with improved performance. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4766728] Talbot effect 1,2 is a well-known Fresnel diffraction phenomenon in which a periodic object illuminated with a plane wave replicates itself at multiplies of a certain longitudinal propagation distance. Talbot effect holds on a variety of applications in image processing, photolithography, spectrometry, and so on. 3 It also prompts developments in the array illuminator, 4, 5 hard-x-ray dark-field imaging, 6 matter waves, 7, 8 and optical traps. 9 Observations of nonlinear Talbot effect 10 and plasmonic Talbot effect 11, 12 are also reported, which enriches the research areas and suggests more possible applications.
Since quantum Talbot effect was conceptually proposed 13, 14 and experimentally demonstrated, 15 Talbot effect has been endowed with new characters and attracts more interests. In analogy to quantum imaging, quantum Talbot effect can be nonlocal, and the Talbot length with degenerate entangled photon pairs is relevant with the pump wavelength, hence is twice of classical Talbot effect. Here we report the direct observation of quantum Talbot effect from a domain-engineered nonlinear photonic crystal (NPC). With a two-dimensional domain modulation, the NPC works as an efficient platform for entangled photon generation under quasi-phase-matching (QPM) condition; meanwhile, its transverse periodicity engenders quantum Talbot effect directly. So the quantum Talbot effect emerges dispensing with a real grating. The compact and stable quantum Talbot effect can be considered as the contactless diagnosis of domain's homogeneity and developed for new types of entangled photon source and quantum technologies such as quantum lithography with improved performance. Domain-engineered NPCs are active in nonlinear optics for efficient frequency conversion 16 and beam shaping 17 based on the QPM technique. In quantum optics, special attentions are paid because NPCs can be utilized for the generation of bright entangled photon pairs and multifunctional manipulation of two-photon spatial entanglement. [18] [19] [20] The NPC structure in this experiment is shown in Fig. 1(a) , which is a multi-stripe periodically poled lithium tantalate (MPPLT). The initial position of each stripe is precisely positioned at the same coordinate along the z axis, so that the two-photon generated from each stripe has the same initial phase. The quadratic nonlinear coefficient of the MPPLT crystal can be expressed as 
The maximum nonlinear coefficient d 33 is involved since the pump, signal, and idler are all e-polarized. UðxÞ ¼ P 1 n¼À1 rect½ðx À ndÞ=a is a grating function indicating the transverse modulation along the x-axis with period d and stripe width a. G m ¼ 2pm=K is the m-th order reciprocal vector of the longitudinal domain modulation with period K and the corresponding Fourier coefficient is f ðG m Þ. In our experiment the first order reciprocal vector G 1 is designed for ensuring efficient generation of entangled photons under the QPM condition
Following the previous studies, 21, 22 we trivialize the temporal part of the state and write the two-photon state as
where w 0 is a normalization constant and j * s and j * i are the transverse wave vectors of signal and idler photons, respectively. For simplicity, the pump field E p ðq * Þ is assumed to be even distributed. Since the domain along the y-axis is homogenous, the transverse modulation function Uðq * Þ can be written as U(x) and expanded as the Fourier series UðxÞ ¼ P 1 n¼À1 c n e i2pnx=d , where c n is the Fourier coefficient of the n-th harmonic.
The two-photon spatial correlation for free propagating entangled photons can be derived as 21,22 a) Author to whom correspondence should be addressed. Electronic mail: pingxu520@nju.edu.cn. 
where
and E 2 (þ) are the electric fields evaluated at the two detectors, k s and k i are the wavelengths of signal and idler photons, respectively, z s (z i ) is the distance from the crystal to the plane where the single photon detector D 1 (D 2 ) lies in, x 0 is the transverse coordinate of the output plane of the crystal, and x s (x i ) is the detector's transverse coordinate. The first exponential term in Eq. (3) is the n-th Fourier component of a periodic function, and the second one is a phase shift dependent on the order of the Fourier component. If the second term equals 1 for all n, that is
where m is an integer indicating the m-th Talbot plane, Eq. (3) turns into a reproduction of grating function. So the quantum Talbot effect is directly observable after the MPPLT crystal. Since n is an associate coordinate, the Talbot self-image of the domain structure is magnified, and the exhibited period depends on the way of detection and the wavelengths of the photon pair. In particular, when we set z s ¼ z i ¼ z and x s ¼ x i ¼ x which is an in-step measurement, Eq. (3) indicates the two-photon amplitude can be equivalently considered as the pump photon's Fresnel diffraction, and the coincidence counting rate exactly replicates the transverse domain function, i.e., R c:c: / UðxÞ at the Talbot plane z T ¼ 2d 2 =k p and multiples of that. So the two-photon Talbot length is defined by the wavelength of pump wave, which is different from the classical one. Fig.1(a) shows the micrograph of the ferroelectric domain structure of the etched MPPLT sample used in this experiment. The longitudinal periodicity is K ¼ 7.548 lm for all stripes, which contributes to the QPM condition during the generation of entangled photons when the sample works at 170 C. The transverse stripe interval is d ¼ 160 lm with stripe width a ¼ 20 lm and stripe length L ¼ 10 mm. The two-photon Talbot length is z T ¼ 96.2 mm when the crystal is pumped by 532 nm.
Experimentally the two-photon Talbot effect is studied under two schemes. In the first one, both detectors are placed at the same distance from the output face of the crystal and scan in step along the same direction. As sketched in Fig.  1(b) , in order to produce the degenerate photon pairs at 1064 nm, the crystal is pumped with a CW single longitudinal mode 532 nm laser. The pump is first expanded and collimated by two convex lenses L 1 and L 2 and focused along the y-axis by a cylindrical lens y-CL 1 . After the crystal, the entangled photons are first separated from the pump by a dichromatic mirror DM. A 20 lm slit is used to scan along the x-axis and cascaded by a two-photon coincidence counting measurement. Specifically, after the slit, the entangled photons are collimated by two cylindrical lenses x-CL and y-CL 2 , separated by a beam splitter and finally collected into two single photon detectors D 1 and D 2 , respectively, by two collection lenses. Preceding each detector is a 10 nm bandwidth interference filter centered at 1064 nm to further suppress the pump. The slit and cascaded x-CL are fixed on a motorized precision positioning stage which can scan in both x and z directions. The slit and the following components can be regarded as an assembly two-photon detector denoted by a dashed rectangle in Fig. 1(b) , which is capturing twophoton probability at the slit position.
In Fig. 2(a) we show the coincidence counts between two detectors as well as the D 1 single counts versus the transverse position of the slit when located at the first Talbot length z T ¼ 96.2 mm. The single counting rate shows an even distribution, whereas the coincidence counting rate reveals a periodic interference pattern with the periodicity of 160 lm, which is just the same as the transverse separation d of domain stripes; thus, the two-photon Talbot effect is confirmed. The fitted value for the full width at 1=e 2 of the maximum of each correlation peak is 33.9 6 1.8 lm which is larger than the theoretical value 24.1 lm due to that the spatial resolution is limited by the 20 lm scanning slit. The theoretical value is given under the 5 mm pump beam size (1/e 2 ), and the Fresnel diffraction broadens the image of each stripe. In order to investigate the two-photon diffraction dynamics, we capture a two-photon Talbot carpet as shown in Fig. 2(b) by measuring two-photon correlation in different detection planes located from (1/2)z T (48.1 mm) to (3/2)z T (144.3 mm) by the step size of 1 mm. The measured two-photon Talbot carpet is in good agreement with the theoretical one as shown in Fig. 2(c) . From the two-photon Talbot carpet, it is convenient for understanding the evolution of the twophoton diffraction and interference when the photon pair propagates in the free space. At distances (1/2)z T and (3/2)z T , the two-photon interference patterns are the same as that at z T except with a half-period shift. Besides these integer Talbot images, fractional images 7, 23 with a reduced period (1/n)d (n ¼ 2,3,4) are picked out and shown in Figs. 3(b)-3(d).The integer images at z T and (1/2)z T are also shown for comparison in Figs. 3(a) and 3(e) , respectively. For quantum Talbot imaging, there is no net improvement in the spatial resolution 15 due to the doubled Talbot length, which is different from quantum lithography.
In order to verify the self-imaging condition
for degenerate photon pairs indicated by Eq. (4) and disclose the physics of Talbot effect more intuitively, we carry out the two-photon Talbot experiment with another scheme. In this scheme, the two detectors scan independently. As shown in Fig. 4(a) , the entangled photon pairs are separated by a 50/50 beam splitter. For each path, the single photon collection scheme is similar with Fig. 1(b) , a 20 lm slit cascaded by two cylindrical lens x-CL 1 (x-CL 2 ) and y-CL 2 (y-CL 3 ) scans to give the coincidence counts. The slit and the following components can be regarded as an assembly detector D 1 (D 2 ) whose detection position is determined by the position of the slit. When both detectors are located at z T , the coincidence counts still presents a grating function as shown in Fig. 4 (e) except that the period is 2d, which is twice of the transverse period of the MPPLT sample. Then we fix the detector D 2 at z T 65 mm and z T 610 mm, respectively, and perform a two-dimensional scanning of D 1 along the x and z directions to find out the corresponding self-imaging distances as shown in the inset in Fig. 4(b) , where the values of coincidence counts are represented by brightness. Fig. 4(b) shows the measured self-imaging formula by five sets of z s and z i which consists well with Eq. (4). When the detector D 2 is fixed at distances , which can be derived from Eq. (3). This experiment further differs the Talbot self-imaging from the conventional imaging by a lens. A point to point correspondence between the image plane and object plane is established by a lens, which means that in the imaging process, every point on the object corresponds to only one point, or spot more precisely due to the diffraction effect, on the image plane. However, in the experiment above, the coincidence counts show one-to-many relationship, which intuitively discloses that Talbot selfimage is not a real image but a result of optical interference. Quantum Talbot image supplies more insights on the physics of Talbot effect.
It is worth noting that for the direct quantum Talbot imaging after the MPPLT, since the entangled photon pair can be designed at any wavelength within the transmitted window of the material due to the versatility of QPM, two-color Talbot effect is expected to be achieved easily. Furthermore, when implementing the two-color Talbot effect by scanning the two detectors in step but in opposite direction, two-photon interference at the Talbot plane z T will exhibit the beating pattern with a magnified period k s þk i k s Àk i d. The Talbot beating effect may be employed as an effective way to reveal the periodic domain with an extremely small separation.
In conclusion, from a two-dimensional domain engineered lithium tantalate, we observed the direct quantum Talbot effect. With no real grating involved, the direct quantum Talbot effect results from the periodicity of two-photon spatial mode, hence is an inherent phenomenon existing concomitantly within the spontaneous parametric down conversion for entangled photons. By examining the propagation dynamics of two-photon diffraction and interference within one Talbot length, we capture the two-photon Talbot carpet and verify the self-imaging condition. With entangled photon pairs, it is more intuitive to reveal the hypostasis of Talbot effect as a diffraction phenomenon instead of imaging. Since the absence of grating and lens can improve stability and miniaturization, our results may be helpful for developing new types of entangled photon source and quantum technologies such as quantum lithography with improved performance when the flexible QPM technique is involved.
